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tant mechanism for the establishment of new genetic S 
diverse environments. Since most bacteria found in JaSe 
m biofilms on surfaces or at interfaces (7), itklSE 

SEE as 5 in? r s siH 

iSJ^* ^ ,atlVe Spatial stabwtv ° f bacteria in biofilms 
should favor conjugation. Although there may be fewer LiE 
mating events in biofilms, potential mating par^rs aTefeS 
a matm of extracellular polymeric substances an^d inoTglfc 

de "are £ pr ° pa 8 ate ^ Since faK 

cies are determined by plating transconiugants on selective 
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growth on selective agar plates. Furthermore, the ne£sst of 
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selective markers such as antibiotic resisranre r>z\ u 
metal resistance (22), or degradaSe SS5fl9?S,Sn7 

capacities by, for example, genetically eSgtoeSSSSS^ 
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of m s, u gene transfer, we investigated the effects oSSS 
concentra ,on; contact time between donors, reewTSd 
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contained the plasmid pRK415 (15) with a gene for the green 

MASSES (G T> ^ ^^AegulttS 
inserted into the multiple clonine site Th,* c 

construct enabled the d^Jau^Jli^S^lS 
cies independent of the growth of traf scon U ga n ts Ed 
PRK415, a derivative of the broad-host-range plasmid RK? 
can be transferred from the host when the Sn S £ 
narrow-host-range plasmid pRK2013 (12) SeJSE Je 
cognate conjugation system. £ coli helper IS c£ 4 if a 
derivative of strain HB101 containing P RK2013 (12) Class ca l 
conjugation experiments between donor, heI P er,and redpS 
strains were performed as previously described (22) TranS 
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The hybridized biofilms were investigated with confocal la 
ser scanning microscopy (CLSM) (3) Is tolZs Aperies of 
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^ wa/u ina Han-Neofluar oil immersion lens and a ? sv 
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superimposed pads when GFP and TRITC signals from cor- 
TfS "nages were compared. Typically, transconjugants 
in biofilms exposed to 100% LB medium occurred as single 

etledToTrV^- In °T IaSt ' ****** in biofil ™ 
Ere r ? medlUm Was facilitate d ^ the formation of 
clusters, transconjugants occurred as subclusters within these 
aggregates (F,g. IB). Analysis of microscopic images showed 
that the average biofilm thickness ranged from 3 to 4 m , and 
the highest cell density was detected at a distance of 1 5 to 2 
(xm from the surface of the glass slide (Fig. 2). No obvious 

oCeT 13 ^ 

tJrl 0Tde , r t0 detCCt me events in sita and a ™e at a quan- 
d^nc 6 . 7 ate ' aUt ° mated 0n - line to*™™ of confocal two. 
dimensional cross-secoonal images followed by off-line image 
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processing to determine biovolumes (18) was used. Thus 
transfer rates were calculated by determining ratios of 
transconjugant to recipient cell volume per hour of contact 
hTJ h ^- w /y ^is of variance analysis (SigmaStat; Jan- 
revea ed i t^T"' ^ °' ^gation'rates 

IZZ I * densi, y or nutrient concentration 

it T ^ lfiCan i CffeCt 0n the outo)me ° f ali- 
ments. At first, it may be surprising that the different helper 

cell densities resulted m similar conjugation frequencies How- 

Z'Lt^ *? f ai " fcr ° f *» P^lsVasmld Se 
rate-hmmng step. Laboratory results indicate that the transfer 
frequency of the P RK2013 plasmid from the helper cell to the 
donor cell IS h.gher than that of P RK415 from the donor cell to 
the recipient cell (12a). In addition, some helper cells cou d 

Srivn^ acqu,re the entry exclusion phenotype 

rnuu ? r ent1 ? 8 thelrcon J u g a tion with the donor cells. This 
could also be a plausible explanation for the fact that at higher 

EV*. TT' rat6S ^P™^ to those observed with 
lower helper cell densities were obtained 

In contrast, time was a significant factor and the effect of 

flo"andTn n ^T ti0n 1 d ? pended ° n time - The «"> data sets 
00 and 10 helper cells) were also separately subjected to a 
rwo-way anafysis of variance followed by the Student-Newman- 
Keuls pairwise multiple comparison method (Table 1) For 

oh Sir^^«f^!^ tion * the hi 8 hest hourly rates were 
obtained m hofilms with contact time limited to 2 h. Interest- 
ed th H T h6lper 0611 d3ta Set > the «te was 
observed under low nutrient conditions, and similarly, the sec- 
ond highest rate for the 10* helper cell set was also obtained in 
biofilms grown with reduced nutrient concentration. The for- 

TntrZ^eH t USt r\ at , l ° W T ient ™x*™*»* may have 
contributed to the high transfer rates under these conditions. 

tween transconjugant establishment and the preexisting pool 
of rec.p,ent cells. Additionally, they also found that the fre- 
quency of transconjugants first increased and then levelled off 

btonZ Lffl ^ ° f , 3 6 - day ex P er ~ as determined in 
biofilm effluents by selective plating techniques. Surprisingly 

n U H P r n? Pe T entS ' ?* l0West rates were 3180 f( >und under low 
nutrient condnions but only in those biofilms in which contact 
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TABLE 1: Triparental gene transfer rates in A. eutrophus biofilms 
as a function of cell contact time, helper cell density, and 
nutrient concentration 



Medium 


Contact time 
(h) 


Triparental gene transfer rate in 

biofilm (no. of 
transcoajugants/recipient cell/h)" 




10 z helper oells 
added 


10" helper cells 
added 


100% LB 


2 

24— - 


2,4 X NT 3 A 
-7.1 X 10~ 4 AB- 


7.5X10~ 4 E 
" 9XX 1(T 4 E 


1%LB 


2 

24 


1.2 X 10~ 3 AB 
2.5 X 1(T 4 B 


3.4 X 1(T 3 D 
5.8 x 1(T 4 E 



* The total volumes analyzed per treatment were 1.8 X 10 6 u-m 3 for slides with 
10 R helper cells (25 vertical stacks of images with 10 x-y optical sections and a 
volume of 7.3 x 10 4 jira 3 per stack) and 3.7 x iO 6 (wn 3 for slides with 10 2 helper 
cells (50 vertical stacks). For each set, means with different letters are signifi- 
cantly different at P £ 0.05 by the Student-Newman-Keuls pairwise multiple 
comparison method. 



time was extended to 24 h. In these biofilms, detachment of 
recipient cells was observed (results not shown). This may have 
affected conjugation rates to the extent that fewer A. eutrophus 
AE104 cells were available as recipients. It is also possible that 
some recipients obtained the pRK2013 helper plasmid directly. 
As stated above, such transconjugants possess the entry exclu- 
sion phenotype and cannot accept the pRK415 plasmid. In this 
way, the already diminished potential recipient pool could be 
compromised, resulting in an effective reduction of the fre- 
quency of gene transfer. 

The observed GFP fluorescence after 2 h contradicts previ- 
ous results which indicated that the protein should require 4 to 
6 h to develop its fluorescence (8, 13). Other workers have 
reported GFP expression after 13 h as a result of TOL plasmid 
transfer (6). Using CLSM, we were able to detect even dimly 
fluorescent signals resulting from incompletely matured GFP 
protein. Imperfect or incomplete maturation may result in 
diminished fluorescence and thus raise the threshold number 
of GFP copies within a cell required for GFP fluorescence to 
be detectable (30). Control slides containing only recipient 
cells did not show any fluorescence at the GFP detection set- 
tings employed Maximum rates of 2.4 X 10" 3 and 1.2 X 10~ 3 
transconjugants per recipient per hour were determined during 
a contact time of 2 h for nutrient levels of 100 and 1% LB 
medium, respectively, when 10 2 helper cells were used (Table 
1). These rates are from 1 to >3 orders of magnitude higher 
than the rates obtained by determining the number of 
transconjugants based on CFU. The reasons why only a frac- 
tion of transconjugant cells were able to form colonies on 
selective agar plates are unknown. The explanation may be a 
viable but nonculturabie state of transconjugants or a loss of 
plasmids upon cell division even under selective conditions. 

Our results differ significantly from those reported for hor- 
izontal plasmid transfer on floating filters from Pseudomonas 
putida to Vibrio sp. and Deleya marina (9). In that study, gene 
transfer frequency was expressed as the number of transcon- 
jugants per added donor cell, and no difference was found for 
in situ detection by GFP fluorescence and traditional plating 
techniques. The reasons for this may be either methodological 
(in this study, the biovoiumes of over 6,000 cells were analyzed 
with CLSM) or due to more-complex physiological conditions 
in biofilms (compared to filtered cells on floating filters). For 
example, in Pseudomonas aeruginosa biofilms, the production 
of chemical signals appears to play a role in developmental 
patterns (10). 



Our technique detects plasmid transfer and expression of 
GFP but does not allow an evaluation of plasmid stability in 
the recipient. Clearly, although the rate of transfer can be 
stimulated by biofilm structure, the establishment of new ge- 
netic traits depends on plasmid stability in the new host. Ob- 
viously, selective pressures in the form of metabolic require- 
ments for degradation of toxic compounds can have an 
additional effect, which may increase the rate of second-gen- 
eration gene transfer. It is puzzling in this respect thata.stucty 
which dealt with in situ gene trarisfeFusing GFP did not report 
any effect of the toxic metal Hg on the dissemination of an 
indigenous plasmid carrying genes conferring resistance to Hg 
(9). 

Conjugation is an energy-demanding process; however, if 
the conjugation machinery is constitutively expressed at star- 
vation, no extra energy is needed for starved cells to donate 
their DNA. Nutrient limitation does not seriously impede con- 
jugation in natural systems, and even starved cells are capable 
of transferring plasmids (9). Our results have clearly demon- 
strated that conjugation rates are not diminished by a reduc- 
tion in nutrient concentration. In the light of these observa- 
tions, it would be of interest to investigate the effect of biofilm 
structure on conjugative gene transfer. The implications of the 
results of this study are that initial gene transfer in biofilms 
occurs far more frequently than previously thought. The 
knowledge that attached cells of the same species differ in their 
ability to maintain incoming plasmids hints at specific physio- 
logical conditions in biofilms which lead to individual cells 
experiencing different environmental pressures. We have pro- 
vided the first quantitative glimpse at conjugative events in 
biofilms at the single-cell level which in the future should allow 
one to influence the incidence of genetic exchange by affecting 
biofilm structure itself. 
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